The recognition of a pathogen by the immune system initiates a multi-step transcriptional program that directs the differentiation of CD4 + T cells into distinct helper T cell populations that coordinate the eradication of infection. T H 1 effector cells secrete inflammatory cytokines and activate immune cells 1 
The recognition of a pathogen by the immune system initiates a multi-step transcriptional program that directs the differentiation of CD4 + T cells into distinct helper T cell populations that coordinate the eradication of infection. T H 1 effector cells secrete inflammatory cytokines and activate immune cells 1 . Follicular helper T cells (T FH cells) secrete cytokines and upregulate the expression of ligands that induce B cells to form germinal centers (GCs), undergo class switching and generate high-affinity antibodies 2 . The differentiation of CD4 + T cells is directed by cytokine-induced activation of members of the STAT family of transcription factors and lineagedetermining transcription factors such as T-bet and the transcriptional repressor Bcl6 (ref. 3) . After being activated, T H 1 cells receive signals that initiate T-bet expression and induce migration of the cells from the lymphoid tissues to infected or inflamed areas of the body 1 . In contrast, for proper differentiation, T FH cells must upregulate expression of Bcl6 and the chemokine receptor CXCR5 to allow their movement from the T cell zone into the B cell follicle 2 . The differentiation of T H 1 cells and T FH cells is interconnected through antagonistic interplay between the transcription factors T-bet and Bcl6, and Bcl6 and Blimp-1 (refs. [4] [5] [6] [7] [8] .
E-protein transcription factors and their natural repressors, the Id ('inhibitor of DNA binding') proteins, have a crucial role in the differentiation of various lymphocyte populations, such as B cells, innate lymphoid cells, natural killer cells, invariant natural killer T cells, αβ T cells, γδ T cells and CD8 + effector and memory T cells [9] [10] [11] [12] [13] [14] [15] [16] [17] . Published studies have highlighted the roles of Id2, Id3 and E proteins in mature CD4 + T cells, particularly in the differentiation and maintenance of regulatory T cells (T reg cells) and the T H 17 subset of helper T cells [18] [19] [20] [21] .
Deletion of E proteins leads to an increase in the differentiation of T reg cells; however, deletion of Id2 and Id3 cripples the differentiation and localization of Foxp3 + T reg cells 18, 20 . Additionally, Id2-deficient CD4 + T cells have been shown to be unable to mount a robust T H 17 response in a mouse model of experimental autoimmune encephalomyelitis 21 . Ectopically expressed basic helix-loop-helix transcription factor Ascl2 binds E-box sites to drive upregulation of CXCR5 expression in vitro, which results in augmented accumulation of CD4 + T cells in the B cell follicle in vivo 22 . However, Ascl2 does not induce Bcl6 expression, which raises the question of how E-protein activity and induction of the expression of CXCR5 and Bcl6 are interrelated. Furthermore, there is differential expression of Id2 mRNA and Id3 mRNA in T H 1 cells and T FH cells 23 . Thus, we further explored the biology of Id2 and Id3 in the differentiation of T H 1 cells and T FH cells during infection.
RESULTS

Expression of Id2 and Id3 defines effector T H 1 cells and T FH cells
We assessed the abundance of Id2 and Id3 in CD4 + T cell subsets through the use of reporter mice in which cDNA encoding yellow fluorescent protein (YFP) or green fluorescent protein (GFP) is inserted into Id2 (ref. 14) or Id3 (ref. 24) , respectively (for the expression of Id2-YFP or Id3-GFP, respectively). We crossed each line to SMARTA mice (which have transgenic expression of an I-A b -restricted T cell antigen receptor (TCR) specific for lymphocytic choriomeningitis virus (LCMV) glycoprotein amino acids 66-77) to generate Id2 YFP/+ and Id3 GFP/+ SMARTA CD4 + T cells, which we transferred into C57BL/6 (B6) hosts that we then infected with LCMV Armstrong strain.
We assessed the differentiation of T H 1 cells and T FH cells among Id2-YFP lo and Id2-YFP hi subsets following infection. In parallel, we infected Id2 YFP/+ or Id3 GFP/+ mice with LCMV to monitor the differentiation of polyclonal CD4 + T cells. We observed that Id2-YFP lo cells were almost exclusively T FH cells (CXCR5 + SLAM lo or CXCR5 + PD-1 lo ) and GC T FH cells (CXCR5 + PD-1 + ), while the vast majority of Id2-YFP hi cells displayed a T H 1 phenotype (SLAM + CXCR5 − or CXCR5 − PD-1 − ) ( Fig. 1a and Supplementary Fig. 1a) . Similarly, we found that Id3 expression was highly polarized: Id3-GFP lo cells differentiated into T H 1 cells, while Id3-GFP hi cells became T FH cells ( Fig. 1b and Supplementary Fig. 1b) .
We also generated Id2 YFP/+ Id3 GFP/+ dual reporter mice and analyzed coordinate expression of Id2 and Id3 after infection with LCMV. Naive CD4 + T cells had intermediate expression of Id2 and high expression of Id3 (Fig. 1c ). After infection, T H 1 cells showed much higher Id2-YFP expression than that of naive cells (Fig. 1c) . In contrast, T H 1 cells lost Id3-GFP expression, and T FH cells maintained high expression of Id3-GFP (Fig. 1c) . GC T FH cells had expression of Id3-GFP equivalent to that of T FH cells (data not shown). Histology revealed that many of the Id2-YFP-expressing CD4 + T cells were excluded from the B cell follicle and GC (Fig. 1d) . Our results demonstrated contrasting expression patterns of Id2 and Id3 in T H 1 cells and T FH cells following acute infection with LCMV.
Impaired Id2 expression enhances T FH differentiation
To determine if differential Id2 expression in CD4 + T cells influenced the differentiation of CD4 + T cells in vivo, we transduced SMARTA CD4 + T cells with retrovirus carrying microRNA-adapted short hairpin RNA (shRNA) specific for Id2 (shId2) or a control micro-RNA-adapted short hairpin RNA (shCtrl), transferred the cells into B6 mice and analyzed T cell differentiation after infection of the host mice with LCMV. Expression of shId2 in SMARTA CD4 + T cells reduced the expression of Id2 mRNA (Supplementary Fig. 2a ). There was a greater frequency of T FH cells and lower frequency of T H 1 cells among cells expressing shId2 (shId2 + cells) than among those expressing shCtrl (shCtrl + cells) (Fig. 2a-c) . The bias was attributed predominantly to GC T FH cells, identified as CXCR5 + Bcl6 + cells (Fig. 2d-f) or CXCR5 + PSGL-1 lo cells (Supplementary Fig. 2c-e) . We then assessed the differentiation of shId2 + cells earlier after infection (Supplementary Fig. 2f ) and observed a greater frequency of CXCR5 + Bcl6 + T FH cells and a smaller population of CXCR5 − Bcl6 − T H 1 cells among shId2 + cells than among shCtrl + cells (Fig. 2g-i) . Analysis of early T FH cells (CXCR5 + CD25 − ) 25, 26 also revealed a greater proportion among shId2 + cells than among shCtrl + cells ( Supplementary Fig. 2g-i) . Thus, impaired Id2 expression seemed to favor T FH differentiation.
To assess the help provided to B cells by shId2 + CD4 + T cells, we introduced shId2 or shCtrl into CD4 + T cells from OT-II mice (with transgenic expression of a TCR specific for ovalbumin (OVA) amino acids 323-339) and transferred the transduced cells into Bcl6 fl/fl CD4-Cre + mice 27 , followed by immunization of the host mice with OVA conjugated to the hapten NP adsorbed to the adjuvant alum. After immunization, more shId2 + T cells than shCtrl + T cells had differentiated into CXCR5 + PD-1 + or CXCR5 + Bcl6 + GC T FH cells (Supplementary Fig. 2j,k) . There was a greater frequency of GC B cells (Fig. 2k) and plasma cells (Fig. 2l) among recipients of A r t i c l e s shId2 + cells than among recipients of shCtrl + cells, with no difference in the NP-specific immunoglobulin G (IgG) titers (Fig. 2m) , despite a slightly reduced accumulation of shId2 + CD4 + T cells (Fig. 2j) . Thus, Id2 expression seemed to have a negative effect on T FH differentiation.
Id2 is needed for T H 1 cell generation during infection
We next sought to determine how a total absence of Id2 would affect CD4 + T cell differentiation. We crossed mice with loxP-flanked Id2 alleles (Id2 fl/fl ) 28 to SMARTA mice with transgenic expression of Cre recombinase driven by the promoter of the T cell-specific gene Cd4 (CD4-Cre) to generate Id2 fl/fl CD4-Cre + SMARTA mice (called 'Id2 −/− mice' here), in which Id2 was deleted in αβ thymocytes. Naive Id2 −/− cells were CD44 lo and were indistinguishable from cells from naive Id2 +/+ CD4-Cre + SMARTA mice (called 'Id2 +/+ mice' here). We transferred cells from Id2 +/+ or Id2 −/− mice into B6 hosts and monitored their differentiation after infection with LCMV. Id2 −/− cells did not form a distinct T H 1 population (Fig. 3a,b and Supplementary  Fig. 3a ). The loss of T H 1 differentiation by Id2 −/− cells was accompanied by decreased expression of granzyme B, T-bet and interferon-γ (IFN-γ) and increased expression of the transcription factor TCF-1 ( Supplementary Fig. 3b,c) . Notably, a prominent SLAM int CXCR5 int population emerged among Id2 −/− effector CD4 + T cells that was not observed among their Id2 +/+ counterparts (Fig. 3a,b) . This phenotype was also apparent in a polyclonal CD4 + T cell response (Supplementary Fig. 3d ). These results showed that Id2 was required for the differentiation of T H 1 cells.
To understand the dysregulation of the Id2 −/− T H 1 cells, we further characterized the phenotypes of the donor populations in mice that received Id2 +/+ or Id2 −/− cells and were infected with LCMV. Id2 +/+ and Id2 −/− T H 1 cells maintained high expression of the P-selectin glycoprotein ligand PSGL-1 and the cytokine receptor chain IL-2Rα, which both need to be downregulated for proper T FH differentiation 25, [29] [30] [31] (Fig. 3c,d) . Analysis of the SLAM int CXCR5 int population revealed that Id2 −/− cells shared a partial phenotype with T H 1 cells, including high expression of PSGL-1, Ly6C and IL-2Rα, and were Bcl6 lo , in contrast to Id2 +/+ or Id2 −/− T FH cells, were Bcl6 hi (Fig.  3c,d ). Bcl6 expression was normal in shId2 + early T H 1 and T FH cells (Supplementary Fig. 3e) Fig. 3f ). The frequency of plasma cells and titers of anti-LCMV IgG in the serum were similar in these groups of mice (Fig. 3e,f) . However, GC B cell development was impaired in the mice that received Id2 −/− 
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A r t i c l e s cells (Fig. 3e) , which suggested that the Id2 −/− T FH cells might have had impaired function.
To further characterize the differentiation status of Id2 −/− CD4 + T cells outside the limitations imposed by two-parameter flow cytometry, and because many of the Id2 −/− cells could not be unambiguously assigned to either the T H 1 subset or T FH subset on the basis of expression of signaling lymphocytic-activation molecule (SLAM) or CXCR5, we employed viSNE ('visual interactive stochastic neighbor embedding') multi-parameter clustering, in which the overall position of each cell reflects similarity to neighboring cells or dissimilarity to non-neighboring cells on the basis of expression of the co-receptor CD4, the congenic marker CD45.1, SLAM, CXCR5, Bcl6, TCF-1, the costimulatory molecule PD-1 and T-bet 32 . Among total CD4 + T cells or among SMARTA CD4 + T cells, we observed two 'geographically' distinct populations that uniquely expressed the T H 1 cell marker SLAM or the T FH cell marker Bcl6 (Fig. 3g) . The Id2 +/+ and Id2 −/− T FH populations were similar in location and appearance (Fig. 3g) . However, Id2 −/− T H 1 cells were located outside the T H 1 multiparameter gate defined by Id2 +/+ T H 1 cells (Fig. 3g) , which further suggested that Id2 was required for proper T H 1 differentiation.
To assess the defect of T H 1 differentiation in Id2-deficient cells, we employed a model of infection with Toxoplasma gondii, as the role of IFN-γ-mediated T H 1 responses in long-term resistance to this pathogen and control of infection with this pathogen is well established 33 . After infection with T. gondii, CD4 + T cells from the lamina propria of the small intestine of Id2 fl/fl CD4-Cre + mice had much lower expression of both IFN-γ and T-bet than that of their Id2 +/+ CD4-Cre + counterparts (Fig. 3h) . No significant alteration in the frequency of 
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Foxp3 + T reg cells could be detected in Id2 fl/fl CD4-Cre + mice relative to their frequency in Id2 +/+ CD4-Cre + mice (Fig. 3h) . Thus, in two distinct models of infection, we observed a substantial loss of effector T H 1 cells. Fig. 4a ).
Restraint of T FH differentiation by Id3
Furthermore, there was a greater frequency of GC T FH cells among polyclonal Id3-deficient CD4 + T cells than among Id3-sufficient CD4 + T cells (Supplementary Fig. 4b ). We next investigated whether constitutive expression of Id3 was able to inhibit T FH differentiation. We obtained CD4 + T cells from NIP mice (which have transgenic expression of a TCR specific for LCMV nucleoprotein, amino acids 311-325) 35 , transduced the cells with retrovirus (RV) overexpressing Id3 (Id3-RV) or expressing GFP (GFP-RV), transferred Id3-RV + or GFP-RV + NIP CD4 + T cells into B6 mice and infected the host mice with LCMV. The acquisition of characteristics of either T FH cells (Supplementary Fig. 4c ) or early T FH cells (Supplementary Fig. 4d ) was abrogated when Id3 was overexpressed. This was consistent with the observation that Id3 inhibits T FH differentiation following immunization with protein 22 . (Fig. 4a) . Differential expression of genes associated with T H 1 cells and T FH cells was confirmed for Id2 +/+ T H 1 and T FH cells (Fig. 4b) . We then compared gene-expression profiles of Id2 +/+ and Id2 −/− T H 1 cells and observed downregulation of T H 1 cell-associated genes (Gzmb, Slamf1 and Cxcr6) in the context of Id2 deficiency, while genes associated with the T FH cell program (Cxcr5, Il6ra and Tcf7) were upregulated (Fig. 4c) . However, expression of Bcl6, Ascl2, Pdcd1 and Icos, which all have high expression by T FH cells and encode products important for T FH differentiation, was not higher in Id2 −/− T H 1 cells than in Id2 +/+ T H 1 cells (Fig. 4d) , which indicated that E proteins controlled the expression of only a portion of the T FH cell signature genes. We next characterized the effect of Id2 deficiency on the expression of T H 1 cell-associated genes. We defined the T H 1 cell gene set as all genes upregulated 1.4-fold or more in Id2 +/+ T H 1 cells relative to their expression in Id2 +/+ T FH cells (Fig. 4b) . Id2 −/− T H 1 cells had reduced expression of ~78% of the T H 1 cell-associated genes (Fig. 4e) . Additionally, of the 144 genes downregulated most substantially in Id2 −/− T H 1 cells relative to their expression in Id2 +/+ T H 1 cells (Fig. 4c) , ~79% had higher expression in Id2 +/+ T H 1 cells than in Id2 +/+ T FH cells (Fig. 4f) . Thus, deletion of Id2 impaired acquisition of the T H 1 program.
We defined the T FH cell gene set as all genes upregulated 1.4-fold or more in Id2 +/+ T FH cells relative to their expression in Id2 +/+ T H 1 cells (Fig. 4b) . Id2 −/− T H 1 cells uncharacteristically upregulated ~69% of the T FH cell-associated genes (Fig. 4g) . Analysis of the genes most upregulated in Id2 −/− T H 1 cells relative to their expression in Id2 +/+ T H 1 cells (Fig. 4c) revealed that ~65% of these were 'preferentially' expressed in Id2 +/+ T FH cells (Fig. 4h) . These analyses indicated a substantial bias toward the T FH cell gene-expression program in Id2 −/− T H 1 cells. When the gene expression of Id2 +/+ T FH cells was contrasted with that of Id2 −/− T FH cells, only 140 genes showed significant differential expression (Fig. 4i) , which indicated that established T FH cells that had lower expression of Id2 than that of T H 1 cells were moderately affected by Id2 deficiency. The absence of proper T H 1 development of Id2 −/− cells suggested that unchecked E2A activity impaired T H 1 differentiation. Analysis of genes expressed differentially in Id2 +/+ T H 1 cells relative to their expression in T FH cells revealed that a larger number of E2A-bound genes were upregulated in Id2 −/− T H 1 cells than in Id2 +/+ T H 1 cells (Fig. 4d) , consistent with the inhibition of E2A by Id2. We compared changes in gene expression with a list of genes that are targets of E2A 16 and found that 62% of the genes upregulated in Id2 −/− T H 1 cells were targets of E2A (Fig. 4j) . These results suggested that Id2 was important for maintenance of the T H 1 cell gene-expression program and that its absence resulted in the acquisition of a partial T FH cell gene-expression program.
E proteins drive CXCR5 expression
Our microarray results suggested that Id2 and E proteins acted together to control CD4 + T cell differentiation in part by regulating CXCR5 and the expression of T H 1 cell effector molecules such as SLAM. We hypothesized that diminished levels of E2A might 'rescue' the defect observed in Id2-deficient cells. We transduced Id2 +/+ and Id2 −/− CD4 + T cells with a retroviral vector encoding shRNA targeting the gene encoding E2A (shTcf3) or control shRNA ( Supplementary  Fig. 5a ). We adoptively transferred the cells into B6 mice infected with LCMV the day before cell transfer and analyzed the differentiation of the transferred cells. As expected, Id2 −/− cells expressing control shRNA were unable to correctly differentiate into T H 1 cells (Fig. 5a) . However, Id2 −/− T H 1 cells were 'rescued' by shTcf3 expression, and their defects in the expression of SLAM and that of CXCR5 were both corrected (Fig. 5a) . Thus, the defective T H 1 differentiation we observed in the absence of Id2 was the result of increased activity of E proteins.
The E-box-binding transcription factor Ascl2 has been shown to drive robust T FH differentiation by inducing CXCR5 expression when overexpressed in CD4 + T cells 22 . The E-protein-encoding genes Tcf3 and Tcf12 (which encodes HEB) both had high expression in early T FH cells sorted from mice infected with LCMV 3 d earlier 26 ( Supplementary Fig. 5b ). In contrast, Ascl2 expression was essentially undetectable in either T FH cells or T H 1 cells at the same time point (Supplementary Fig. 5b) . Overexpression of the Tcf3-encoded isoforms E12, E47 or Ascl2 induced CXCR5 expression by CD4 + T cells in vitro (Fig. 5b) . Ectopic expression of E47 led to enhanced expression of CXCR5 by both early T H 1 cells and early T FH cells relative to its expression by their GFP-RV + counterparts in vivo (Fig. 5c and Supplementary Fig. 5c ).
Given that Id2 inhibits the transcriptional activity of E proteins, and E proteins induce CXCR5 expression, we investigated whether Id2 inhibited T FH differentiation by preventing expression of CXCR5. 
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A r t i c l e s (Fig. 5d,f,g ) and had impaired CXCR5 expression relative to that of their GFP-RV + counterparts ( Fig. 5e and Supplementary  Fig. 5e ). Overexpression of Id2 did not affect the expression of T-bet or the accumulation of (Id2-RV + ) NIP CD4 + T cells ( Supplementary  Fig. 5d,f) . Similar to results reported above, Id2-RV + NIP CD4 + T cells underwent limited differentiation into T FH cells 6 d after infection of the host mice with LCMV (Fig. 5h,j,k and Supplementary  Fig. 5g-j) , with impaired CXCR5 expression by Id2-RV + NIP T FH cells ( Fig. 5i and Supplementary Fig. 5k) . Additionally, the accumulation of Id2-RV + GC T FH cells was impaired (Fig. 5h,j,k) . Next, we constitutively expressed the E proteins E12, E47 or Ascl2 (with a retroviral vector encoding a GFP reporter) together with Id2 (with a retroviral vector encoding an Ametrine reporter) in CD4 + T cells. As expected, the E proteins E12, E47 and Ascl2 drove substantial expression of CXCR5 when CD4 + T cells were co-transduced with an empty retroviral Ametrine vector (Fig. 5l) . When the retroviral vector expressing Id2 was introduced into CD4 + T cells expressing E12 or E47, there was a reduction in CXCR5 expression by GFP + Ametrine + cells (Fig. 5l) . Unexpectedly, Id2 was not able to block the Ascl2-driven induction of CXCR5 expression (Fig. 5l) . These data indicated that Id2 prevented E proteins from inducing CXCR5 expression. 
Inhibition of Id2 expression by Bcl6
Our data showed that the Id2-E protein axis modulated T H 1 and T FH differentiation and that Id2 inhibited Cxcr5 expression. The transcriptional repressor Bcl6 is essential for T FH differentiation and is important for CXCR5 expression by T FH cells in vivo 8, 25, 36 but it does not directly regulate Cxcr5 (refs. 22,37) . We therefore sought to determine whether Bcl6 induces CXCR5 expression by inhibiting transcription of the gene encoding Id2. We analyzed human primary tonsillar GC T FH cells by chromatin immunoprecipitation (ChIP) followed by deep sequencing (ChIP-Seq) and found recruitment of Bcl6 to the ID2 locus 37 (Fig. 6a) , a result we confirmed by ChIP followed by quantitative PCR (Fig. 6b) . To investigate whether Bcl6 represses Id2 expression, we transduced Bcl6 fl/fl CD4-Cre + SMARTA CD4 + T cells (called 'Bcl6 −/− ' CD4 + T cells here) with retrovirus expressing Bcl6 or GFP, transferred the transduced Bcl6 −/− CD4 + T cells into B6 mice, infected the host mice with LCMV and assessed expression of Id2 in the transferred Bcl6 −/− CD4 + T cells ( Fig. 6c and Supplementary Fig. 6a ). This re-introduction of Bcl6 into Bcl6 −/− cells led to significant repression of Id2 expression in IL-2Rα hi T H 1 cells (Fig. 6c) . Published work has demonstrated that separate domains of Bcl6 control T FH differentiation, and replacement of the lysine at position 379 with glutamine (K379Q) substantially hinders Bcl6 activity 27, 35 . Introduction of the Bcl6 K379Q mutant into Bcl6 −/− cells failed to repress Id2 expression relative to its expression in Bcl6 −/− cells given wild-type Bcl6 (Fig. 6c) . Thus, Bcl6 directly repressed Id2 in CD4 + T cells. We also sought to determine how the copy number of Bcl6 affected Id2 expression. We transferred Bcl6 −/− (Bcl6 fl/fl CD4-Cre + SMARTA), Bcl6 +/− (Bcl6 fl/+ CD4-Cre + SMARTA) or Bcl6 +/+ (Bcl6 +/+ SMARTA) CD4 + T cells into B6 mice, infected the host mice with LCMV and sorted IL-2Rα hi (T H 1) and IL-2Rα lo (T FH ) SMARTA CD4 + T cells from the mice (Supplementary Fig. 6b ). As expected, the Bcl6 +/+ T FH cells had lower expression of Id2 than that of the Bcl6 +/+ T H 1 cells (Fig. 6d) . Id2 expression was significantly higher in Bcl6 +/− IL-2Rα lo cells than in Bcl6 +/+ IL-2Rα lo cells (Fig. 6d) . Furthermore, complete loss of Bcl6 (Bcl6 −/− ) resulted in significant upregulation of Id2 expression in IL-2Rα lo cells relative to its expression in Bcl6 +/− or Bcl6 +/+ IL-2Rα lo cells (Fig. 6d) . Thus, Bcl6 inhibited Id2, and Bcl6 haploinsufficiency resulted in inappropriate Id2 expression. A reduction in the expression of Id2 shifted the balance of T H 1 cells and T FH cells, which indicated that partial expression of Id2 was able to inhibit E-protein expression enough to maintain both helper T cell populations while still biasing cells toward the T FH cell lineage. Strikingly, CD4 + T cells that completely lacked Id2 lost the ability to form an effector T H 1 cell population, while they maintained an intact T FH cell population. Id2-deficient effector cells exhibited lower expression of T H 1 cell-associated genes and showed simultaneous upregulation of a large portion of the T FH cell gene program (Cxcr5, Il6ra, Lef1 and Tcf7, but not Bcl6, Icos or Pdcd1). Id2-deficient cells might be unable to commit to one lineage for various reasons. While they adopted aspects of the T FH cell transcriptional program, Id2-deficient cells also upregulated and maintained high expression A r t i c l e s of Id3, Foxo1 and Il2ra, which might explain this dichotomy. The transcription factor Foxo1 specifically inhibits the development of T FH cells 38, 39 . Within the first two cell divisions, expression of IL-2Rα is a key factor that drives the 'decision' to commit to the T H 1 cell lineage 25 Ascl2 has been suggested to act upstream of Bcl6 to regulate early T FH differentiation 22 . However, Ascl2 is generally not detectable in naive CD4 + T cells [41] [42] [43] or early T FH cells 26 . Instead, Ascl2 expression is robust in fully differentiated GC T FH cells in mice and humans 22, 43 . The high expression of E2A and HEB early after infection with LCMV would suggest that these E proteins, not Ascl2, direct early T FH differentiation. Interestingly, Ascl2-induced expression of CXCR5 was not dampened by co-expression of Id2. GC T FH cells had the highest CXCR5 expression, and Ascl2 might be important for amplifying expression at later stages of the differentiation of T FH cells into GC T FH cells.
DISCUSSION
There are various plausible models for the coordination of the expression of genes encoding products that regulate the earliest stages of T FH differentiation in vivo. Bcl6 function is critical for T FH differentiation 2, 27, 35 and can be detected as early as the second cell division in vivo 25 . Tcf7 and Lef1, both of which are known targets of E proteins 44 , are epistatic to Bcl6, and TCF-1 and LEF-1 promote T FH differentiation by enhancing the expression of Bcl6, Il6ra and Icos and repressing the expression of Prdm1 (which encodes Blimp-1) 26, 45, 46 . Notably, we observed increased expression of Tcf7, Lef1 and Il6ra in the absence of Id2, in support of the idea that E proteins such as E2A and HEB normally promote the expression of Tcf7 and Lef1. In this context, Id2 and E proteins act upstream of Bcl6. However, our data also demonstrated that Bcl6 directly repressed Id2 expression. Together these data suggest that positive feedback mechanisms involving TCF-1, LEF-1, Bcl6, IL-6R, ICOS and E proteins support T FH differentiation under conditions of low Id2 expression and that a feedforward loop could potentially be generated by starting at any of several genes in that gene network.
The relationship among members of the E-protein and Id families and expression of Bcl6 and CXCR5 is of particular interest. Ectopic expression of Bcl6 in human CD4 + T cells results in CXCR5 expression 47 . Coordinated expression of Bcl6 and CXCR5 in early T FH cells is observed in various in vivo models 25, 36, 48, 49 . However, Bcl6 does not bind to Cxcr5 (ref. 37 ) and thus must regulate its expression indirectly. One mechanism involves repression of Cxcr5 by Blimp-1 (ref. 7) . However, naive T cells do not express Blimp-1, which indicates that this mechanism regulates mainly later expression of CXCR5. Here we have demonstrated a previously unknown mechanism whereby Bcl6 inhibited Id2 expression that yielded enhanced E protein activity to drive Cxcr5 expression.
Our data uniquely position Id2, Bcl6 and E proteins in a regulatory triad that controls the balance of T H 1 differentiation and T FH differentiation. Through the inhibition of E proteins, high expression of Id2 in the T H 1 cell population enforces proper development of the T H 1 cell lineage. Early expression of Bcl6 in T FH cells ensures repression of Id2, which allows E proteins to drive T FH differentiation. Thus, dichotomous expression of Id2 is critical to ensuring the reciprocal development of T H 1 differentiation and T FH differentiation.
METHODS
Methods and any associated references are available in the online version of the paper.
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